Introduction {#Sec1}
============

Age-related macular degeneration (AMD) is the leading cause of irreversible blindness in the industrialized world \[[@CR1]\]. Geographic atrophy (GA), a clinical form of late AMD, is characterized by a slowly expanding lesion of the retinal pigment epithelium (RPE) and photoreceptors (PRs) \[[@CR2]\]. So far, there is no available treatment to stop or even slow the degeneration of PR and RPE cells, and spare vision in patients. GA mononuclear phagocytes (MPs)---a family of cells that include inflammatory monocytes (Mos), macrophages, and resident macrophages such as microglial cells (MCs) \[[@CR3]\]---accumulate in the subretinal space in the atrophic region and in a transitional zone, just peripheral to the RPE-loss, where the number of rods already drops dramatically compared with the retina more distant from the lesion \[[@CR4], [@CR5]\]. We previously showed that subretinal MPs accumulating in aged- and light-challenged mice are in part derived from circulating inflammatory Mos \[[@CR5], [@CR6]\]. Genetic or pharmacological inhibition of inflammatory MP recruitment strongly inhibits PR degeneration \[[@CR6]--[@CR10]\] indicating that inflammatory cells may participate in observed PR degeneration in GA patients.

IL-1β is induced in acute and chronic degenerative diseases of the brain \[[@CR11]\]. In the retina, we previously showed in light-challenged mice, a model of dry AMD, that subretinal MPs expressed IL-1β which induces rod death and cone outer segment loss \[[@CR12], [@CR13]\]. The biological effects of IL-1β are mediated by the type I IL-1β receptor (IL-1R1), while its type II decoy receptor and IL-1 receptor antagonist inhibits its effect. Interestingly, in the central nervous system, IL-1R1 is poorly expressed on neurons in comparison with glial cells \[[@CR14]\], suggesting that IL-1β primarily alters glial cell functions and potentiates neuronal injury indirectly \[[@CR15]\]. Similarly, IL-1R1 immunoreactivity has consistently been observed on retinal astrocytes and Müller cells \[[@CR16]\] and its expression on PRs remains controversial, suggesting that IL-1β might induce PR death indirectly.

Diverse stimuli have been shown to affect PR survival, including loss of trophic factors \[[@CR17]\], metabolic changes \[[@CR18]\], oxidative stress \[[@CR19]\], and glutamate excitotoxicity \[[@CR20]\]. In physiological conditions, glutamate homeostasis is finely tuned by a family of excitatory amino acid transporters (EAATs), mostly EAAT1/GLAST. EAATs transport the extracellular glutamate into Müller cells to prevent excitotoxicity, a pathological process resulting from glutamate receptor over-stimulation. Indeed, retinal neurons---including rod and cone PRs---express glutamate ionotropic receptors such as AMPA and NMDA receptors \[[@CR21]--[@CR24]\], and glutamate excitotoxicity has been demonstrated to be a major threat for PR survival \[[@CR20]\]. Interestingly, IL-1β has been shown to modify glutamate homeostasis by (i) altering glutamate uptake and glutamine synthesis by Müller cells in models of ischemic retinopathies \[[@CR25]\] and (ii) by increasing the transcription and the activity of the cystine/glutamate antiporter system *x*~c~^−^ in the hypoxic--ischemic brain astrocytes leading to exacerbated glutamate release \[[@CR26]\].

We hypothesized that IL-1β produced by subretinal MPs disrupts retinal glutamate homeostasis, leading to PR cell death. We here show that IL-1β does not induce direct PR cell death but disturbs retinal glutamate homeostasis and induces extracellular glutamate accumulation. We show that CNQX---the inhibitor of non-NMDA glutamate ionotropic receptors---completely inhibits IL-1β-induced rod PR cell death emphasizing the importance of this mechanism.

Methods {#Sec2}
=======

Mice {#Sec3}
----

Breeding pairs of *Cx3cr1*^*GFP/GFP*^ were obtained from The Jackson Laboratories. C57Bl6/J male mice were obtained from JANVIER Lab. The mice were aged between 8 and 15 weeks and were kept in a specific pathogen-free environment in a 12-h/12-h light/dark (100 lux) cycle with no additional cover in the cage and with water and normal chow diet available ad libitum.

Light challenge model {#Sec4}
---------------------

Two- to three-month-old *Cx3cr1*^*GFP/GFP*^ mice were adapted to darkness for 6 h and pupils were fully dilated with 1% Atropin (Novartis). Animals were then exposed to green LED light (4500 Lux, JP Vezon équipements) for 4 days. On day 5, animals were kept for 10 h in normal light condition and received intraperitoneal injections of vehicule or Talampanel (2 mg/kg in 0.5 % Tween 20, Sigma-Aldrich) \[[@CR27]\] every 2 h until sacrifice (5 injections). For each eye, IBA1 MPs were counted on whole RPE/choroidal flatmounts and on the outer segment side of the retina. Photoreceptor degeneration was quantified on TUNEL-labeled retinal flatmounts.

Retinal flatmount preparation and immunohistochemistry {#Sec5}
------------------------------------------------------

Immunohistochemistry on retinal/choroidal flatmounts was conducted as previously described \[[@CR12]\]. Briefly, mice were killed by CO~2~ asphyxiation and enucleated. The globes were fixed in 4% PFA for 30 min, then rinsed in 1x PBS (pH 7.3). Retinal and RPE/choroid tissues were dissected intact from the globe, flatmounted, and processed for immunohistochemistry using the polyclonal goat anti-IBA1 (ab5076, Abcam) and the secondary anti-goat antibody conjugated with Alexa Fluor 488 (Life Technologies). Flatmounts were stained with the nuclear marker Hoechst (1:1000). Flatmounts images were captured with a DM5500 microscope (Leica) and analyzed by MetaMorph software (MolecularDevices).

Terminal deoxynucleotidyl transferase UTP end labeling {#Sec6}
------------------------------------------------------

Terminal deoxynucleotidyl transferase UTP end labeling (TUNEL) staining was performed according to the manufacturer's protocol (In Situ Cell Death Detection Kit, Roche Diagnostics). Briefly, retinal flatmount or retina was fixed in 4% PFA for 30 min and washed in 1x PBS (pH 7.3). Flatmounts were then incubated for 60 min at 37 °C with the reaction mixture (In situ Cell Death Detection Kit) and the reaction was stopped by washing with 1x PBS. Nuclei were stained with Hoechst (Sigma-Aldrich). Flatmount images were captured with a DM 6000 microscope (Leica) or an Olympus Confocal microscope.

Retinal cell sorting {#Sec7}
--------------------

Retinal cells were sorted according to a previously published protocol \[[@CR28]\]. Isolated retina was incubated with papain (0.2 mg/ml, Roche, Mannheim, Germany) in Ca^2+^ -/Mg^2+^ -free phosphate-buffered saline containing 11 mM glucose, pH 7.4, for 30 min at 37 °C, followed by several washing steps with saline. After short incubation in saline supplemented with DNase I (200 U/ml), the tissue was triturated in extracellular solution (ECS, that contained (mM) 135 NaCl, 3 KCl, 2 CaCl~2~, 1 MgCl~2~, 1 Na~2~HPO~4~, 10 HEPES, and 11 glucose, adjusted to pH 7.4 with Tris) to obtain isolated retinal cells. After centrifugation, the supernatant was removed and the cells were resuspended and incubated in ECS containing biotinylated hamster anti-CD29 (clone Ha2/5, BD Biosciences, Heidelberg, Germany) for 15 min at 4 °C. After washes in ECS and centrifugation, cells were taken up in ECS containing anti-biotin MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and incubated for 10 min at 4 °C. After an additional washing step in ECS, cell populations were separated using MACS® cell separation large cell columns (Miltenyi Biotec) according to the manufacturer's recommendation. If microglia cells were isolated in addition to Müller cells, the retinal suspension was incubated with CD11b-microbeads (Miltenyi Biotec) for 15 min at 4 °C and positively selected using MACS® cell separation large cell columns (Miltenyi Biotec) before Müller cells were surface-labeled for MACS sorting.

Mouse photoreceptor isolation {#Sec8}
-----------------------------

The protocol for retinal dissociation of the mouse retina was adapted from a previously published protocol \[[@CR29]\]. The mouse retina was isolated and cut in small fragments in CO~2~-independent medium (Gibco). The retinal fragments were then washed twice in Ca^2+^-free Ringer's solution and supplemented with 0.1 mM EDTA. They were then incubated with 0.2% activated papain (Worthington, Freehold, NJ, USA) in the same buffer for 20 min at 37 °C. Digestion was stopped by the addition of the same volume of neurobasal-A medium (Gibco) containing 2% FCS (Gibco), 0.1 mg/ml DNAse-1 (Sigma), and 1 mg/ml bovine-serum albumin. The retinal tissue was dissociated by repeated, gentle agitation. Cell supernatants were collected, pooled, and centrifuged at 800 rpm for 5 min. Cells were resuspended in a neurobasal-A medium containing 2% B27 supplement (Gibco), immediately plated and kept in the incubator (5% CO~2~/95% air) at 37 °C.

Glutamic acid assay {#Sec9}
-------------------

Glutamate concentration was assessed in the supernatant of retinal explants cultured for 18 h with or without IL-1β (50 ng/ml), or in Müller cell lysate obtained after cell sorting using Amplex^TM^ Red Glutamic Acid Assay (MyQubit, Invitrogen). Reactions were conducted according to the manufacturer's instructions.

Monocytes preparations, monocyte-retinal co-culture, and retinal explants {#Sec10}
-------------------------------------------------------------------------

PBMCs were isolated from heparinized venous blood from healthy volunteer individuals. Peripheral blood mononuclear cells (PBMCs) were isolated from blood by 1-step centrifugation on a Ficoll Paque layer (GE Healthcare) and sorted with the EasySep Human Monocyte Enrichment Cocktail (StemCells Technology, Grenoble, France). Human Mos (hMos) were seeded on polycarbonate filters floating on DMEM for 2 h. C57BL/6 J mouse retina was prepared and placed with the PRs facing 100,000 adherent hMos for 18 h at 37 °C. For TUNEL staining (In Situ Cell Death Detection Kit, Roche Diagnostics, Meylan, France), mouse retinal flatmounts were fixed in 4% PFA for 30 min, washed in 1x PBS (pH 7.3), and incubated for 90 min at 37 °C with the reaction mixture and the reaction was stopped by washing with 1x PBS. For immunohistochemistry, the flatmounts were incubated with Peanut agglutinin Alexa 488 (Thermofisher; 1:50) or IBA1 (Abcam; 1:400) overnight, and revealed with an appropriate antibody (Thermofisher). Nuclei were stained with Hoechst (Thermofischer; 1:1000). Flatmounts images were captured with an Olympus Confocal microscope.

Quantification of cone outer segment volumes {#Sec11}
--------------------------------------------

Cone outer segment (CS) volumes were quantified using Imaris software (Bitplane) on stacks of confocal images, which contain the entire PR outer and inner segments, of PNA-stained retinal flatmounts. Four randomly chosen stacks (technical replicates) per retinal explant were taken. The software then calculated the volume of the PNA^+^ structures, which was subsequently divided by the number of PNA^+^ CS to yield the average individual CS volume in the stack. The CS volume of each retinal explant (biological replicate) was calculated as the mean of the 4 individual stacks.

Quantifications of microglial cell density and morphology {#Sec12}
---------------------------------------------------------

Flatmount images of samples stained with IBA1 and Hoechst were captured with an Olympus Confocal microscope. Images were Z-projected using ImageJ 2.0 software. IBA1-positive cell perimeters (length around the periphery of each cell) and soma area (area of the cell body without any process) were manually measured on flatmount images using the ImageJ 2.0 software. For each retina, the microglial cell parameters were measured on a minimum of 4 representative images and a total number of 79 and 52 cells for control and IL-1β conditions respectively. Cell density was calculated by dividing the number of IBA1-positive cells by the surface of flatmount images.

Western blot fragment analysis {#Sec13}
------------------------------

Samples were diluted in 4X laemmli buffer and heated at 95 °C for 5--10 min before loading on the NuPAGE 4-12 % Bis-Tris gel. Each gel was loaded with PageRuler Prestained protein ladder (Thermo Fisher Scientific). Gels were transferred to nitrocellulose membranes (0.2 μm, GE Healthcare) by BioRad blotting system (Life Technologies) for Western Blotting according to the manufacturer's protocol. Immunoblots were blocked with 5% skimmed milk powder in TBS 1X 0,2% Tween, then probed with the xCT antibody (Abcam ab175186) at a 1:500 dilution in the same buffer. Secondary antibodies, donkey anti-rabbit HRP (705-035-003, Jackson ImmunoResearch), were applied at a dilution of 1/5000 in blocking buffer. Chemoluminescence was performed using Pierce ECL-plus (32132, Thermo Fisher Scientific) and the ChemiDoc Imaging System (Biorad). Band intensity was quantified by ImageJ and normalized by β-actin.

Reverse transcription and quantitative polymerase chain reaction {#Sec14}
----------------------------------------------------------------

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) was used to measure mRNA expression levels. Total RNA was extracted from cell fractions isolated from retinal explants, or total retinal explants, cultured for 18 h on polycarbonate filters floating on DMEM using the Nucleospin RNA (740955, Macherey-Nagel, Düren, Germany) according to the manufacturer's instructions and converted to cDNA using oligo (dT) as primer and Superscript II (Life Technologies). Each RT assay was performed in a 20 μl reaction. Subsequent RT-qPCR was performed using cDNA, Sybr Green PCR Master Mix (Life Technologies), and the following sense and antisense primers (0.5 pmol/ml): *GluA-2* (5′-AAT GTG GAG CCA AGG ACT CG-3′ and 5′-CCA GCA TTG CCA AAC CAA GG-3′), *GluA-4* (5′-CGC CTA CTC TTG GCA ATG AC-3′ and 5′-GTC GAA CAG CGC AGA ACT C-3′), *GluK-1* (5′-TGC AGG ACT CGT CCT TTC TG-3′ and 5′-GTG AGA TTC CCA GCT CTT CC-3′), *Eaat1* (5′-TCA ATG CCC TGG GCC TAG TTG T-3′ and 5′-GGG TGG CAG AAC TTG AGG AGG-3′), *Eaat2* (5′-CCT CCA TCT GAG GAG GCC AAT-3′ and 5′-CAG CTG CCT AGC AAC CAC TTC T-3′), xCT (5′-AAA CTT GCT AAG CTC TGT GTT GG-3′ and 5′-CAC ATC ACA TGT TTG TAC ACT CG-3′), *Gs* (5′-CCC CAA CAA GCT GGT GCT AT-3′ and 5′-TCC ATT CCA AAC CAG GGG TG-3′), *Rps26* (5′-AAG TTT GTC ATT CGG AAC ATT-3′ and 5′-AGC TCT GAA TCG TGG TG-3′), β-actin (*Actb*) (5′-AAG GCC AAC CGT GAA AAG AT-3′ and 5′-GTG GTA CGA CCA GAG GCA TAC-3′), and *Gapdh* (GGT GAA GGT CGG TGT GAA CG and CTC GCT CCT GGA AGA TGG TG-3′). RT-qPCR was performed using the Applied Biosystems StepOne real-time PCR systems (Applied Biosystems) with the following profile: 10 min at 95 °C, followed by a total of 40 two-temperature cycles (15 s at 95 °C and 1 min at 60 °C). To verify the purity of the products, a melting curve was produced after each run according to the manufacturer's instructions. Results were expressed as fold induction after normalization by the arithmetic mean of three housekeeping genes (HKG): *Rps26*, *Actb*, and *Gapdh*.

Statistical analysis {#Sec15}
--------------------

GraphPad Prism 7 (GraphPad Software) was used for data analysis and graphic representation. All values are reported as mean ± SEM. Statistical analysis was performed by Kruskal--Wallis non-parametric tests or Mann--Whitney *U* tests for comparison among means depending on the experimental design. The *p* values are indicated in the figure legends.

Results {#Sec16}
=======

IL-1β induces rod photoreceptor degeneration indirectly {#Sec17}
-------------------------------------------------------

We previously demonstrated that monocyte-derived IL-1β induces PR degeneration \[[@CR12], [@CR13]\]. Indeed, treatment of retinal explants with IL-1β (50 ng/ml) resulted in a 3.3-fold increase in the number of TUNEL-positive PR nuclei (Fig. [1](#Fig1){ref-type="fig"}a and b). However, RT-qPCR analysis of *Il1r1* mRNA of magnetic cell sorted retinal microglial cells (MCs), Müller cells, retinal neurons \[[@CR28]\] and PR purified by differential centrifugation \[[@CR29]\], confirmed previous reports of high *Il1r1* expression in Müller cells but low expression in PRs (Fig. [1](#Fig1){ref-type="fig"}c). Contrary to retinal explants, the addition of IL-1β (50 ng/ml) to cultured isolated PR did not result in detectable cell loss (Fig. [1](#Fig1){ref-type="fig"}d). Fig. 1IL-1β induces rod photoreceptor degeneration indirectly. **a** Orthogonal projection of confocal Z stack images of the outer nuclear layer of TUNEL (red)- and Hoechst nuclear dye (blue)-stained mouse retinal explants after 18 h of culture with or without IL-1β (50 ng/ml). **b** Quantification of TUNEL^+^ nuclei in control and IL-1β (50 ng/ml) exposed mouse retinal explants (*n* = 10/group, Mann--Whitney test, \**p* \< 0.0001). **c** RT-qPCR of *Il1r1* mRNA normalized with the mean of 3 HKG mRNAs in retinal cell fractions (MCs: CD11b^+^ cells; Müller cells: CD11b^−^CD31^−^CD29^+^ cells; neurons: CD11b^−^CD31^−^CD29^−^ and PR) isolated from total retina (*n* = 3/group, Kruskal--Wallis, Dunn's post-test \**p* = 0.0023 versus MCs; *n* = 3/group. **d** Quantification of the number of DAPI^+^ isolated rod PRs cultured for 18 h with or without IL-1β (50 ng/ml) (*n* = 4/group)

Together this result and the low expression of IL1R1 on PRs suggest that a non-PR cell population is needed to induce IL-1β-dependent rod degeneration.

IL-1β increases extracellular glutamate concentration that can induce rod photoreceptor degeneration similar to IL-1β {#Sec18}
---------------------------------------------------------------------------------------------------------------------

IL-1β has been shown to disturb glutamate homeostasis \[[@CR25], [@CR30], [@CR31]\] leading to indirect neuronal loss. Quantification of glutamate in the supernatants of retinal explants exposed or not to IL-1β (50 ng/ml) showed that IL-1β induced an increase in the extracellular content of glutamate from 270 to 508 μM (Fig. [2](#Fig2){ref-type="fig"}a). To evaluate whether an increase in extracellular glutamate could be responsible for the observed PR apoptosis, we next cultured retinal explants with 1 mM glutamate and analyzed cone and rod survival as previously described \[[@CR12]\]. Similar to IL-1β, the addition of glutamate to the culture medium led to a 3.3-fold increase in TUNEL-positive PR nuclei (Fig. [2](#Fig2){ref-type="fig"}b). In contrast, glutamate did not induce cone loss or cone outer segment (CS) shortening (Fig. [2](#Fig2){ref-type="fig"}c), suggesting that glutamate mainly induces rod apoptosis. Together, our results demonstrate that IL-1β is sufficient to increase extracellular glutamate and that glutamate is sufficient to induce rod apoptosis. Fig. 2IL-1β increases extracellular glutamate concentration that can induce rod photoreceptor degeneration similar to IL-1β. **a** Glutamate concentration (μM) in the 18 h supernatant of mouse retinal explants cultured with or without IL-1β (50 ng/ml) (*n* = 8/group, Mann--Whitney test, \**p* = 0.0152). **b** Orthogonal projection of confocal Z stack images of the outer nuclear layer of TUNEL (red)- and Hoechst nuclear dye (blue)-stained mouse retinal explants after 18 h of culture with or without glutamate (1 mM), and quantification of TUNEL^+^ nuclei (*n* = 4/group, Mann--Whitney test, \**p* = 0.0286). **c** Oblique and perpendicular (Inset)---3D reconstructions of confocal Z stack images of the PR segments of mouse retinal explants after 18 h of culture with or without glutamate (1 mM), after peanut agglutinin (PNA, green) staining, and quantification of PNA^+^ outer segment volume (μm^3^) (*n* = 5/group, Mann--Whitney test)

IL-1β disrupts glutamate homeostasis in Müller glial cells {#Sec19}
----------------------------------------------------------

Under physiological conditions, glutamate is released in the synapses and subsequently taken up by excitatory amino acid transporters (EAATs) of mainly Müller glial cells but also other cell types, preventing excitotoxic concentrations. In the outer retina, extracellular glutamate is mainly transported into Müller cells through EAAT1/GLAST, but EAAT2/GLT-1 on glial and non-glial cells also contributes to glutamate recapture \[[@CR32]\]. After the uptake of extracellular glutamate by Müller cells, intracellular glutamate can be released from glial cells by a cystine/glutamate antiporter, the *x*~c~^−^ system, to import cystine to fuel glutathione synthesis necessary for anti-oxidant defense \[[@CR33]\]. Alternatively, glutamate can be converted by the glutamine synthetase (GS) into glutamine to serve as source of energy or for protein or lipid synthesis.

To investigate how IL-1β leads to the accumulation of extracellular glutamate (Fig. [2](#Fig2){ref-type="fig"}a) we first analyzed the expression of *Eaat*s. RT-qPCRs of *Eaat1* mRNA of magnetic cell sorted retinal microglial cells, Müller cells, retinal neurons additionally to PRs purified by differential centrifugation, confirmed that *Eaat1* mRNA was almost exclusively expressed by the CD11b^−^ CD31^−^ CD29^+^ Müller cell fraction but not regulated by IL-1β (Fig. [3](#Fig3){ref-type="fig"}a). *Eaat2* was expressed by Müller cells, neurons (CD11b^−^ CD31^−^ CD29^−^ fraction) and PRs and IL-1β induced a 1.7-fold downregulation of *Eaat2* mRNA expression in retinal explants (Fig. [3](#Fig3){ref-type="fig"}b). RT-qPCRs of *Eaat2* mRNA of magnetic cell sorted retinal cells revealed that *Eaat2* mRNA was downregulated in Müller cells but not in PRs (Fig. [3](#Fig3){ref-type="fig"}c). Fig. 3IL-1β disrupts glutamate homeostasis in Müller glial cells. **a** RT-qPCR of *Eaat1* mRNA normalized with the mean of 3 HKG mRNAs in (left) retinal cell fractions (MCs: CD11b^+^ cells; Müller cells: CD11b^−^CD31^−^CD29^+^ cells; neurons: CD11b^−^CD31^−^CD29^−^ and PRs) isolated from total retina (*n* = 3/group, Kruskal--Wallis, Dunn's post-test \**p* = 0.0332 versus MCs; *n* = 3/group, Kruskal--Wallis, Dunn's post-test) and in (right) total retinal explants cultured 18 h with or without IL-1β (50 ng/ml) (*n* = 5/group). **b** RT-qPCR of *Eaat2* mRNA normalized with the mean of 3 HKG mRNAs in retinal cell fractions isolated from (left) total retina and in (right) total retinal explants cultured 18 h with or without IL-1β (50 ng/ml) (*n* = 5/group, Mann--Whitney test; *n* = 5/group, Mann--Whitney test, \**p* = 0.0183). **c** RT-qPCR of *Eaat2* mRNA normalized with the mean of 3 HKG mRNAs in (left) Müller cell fraction (*n* = 6/group, Mann--Whitney test, \**p* = 0.0360) and (right) PRs isolated from retinal explants cultured with or without IL-1β (50 ng/ml) for 18 h (*n* = 6/group). **d** RT-qPCR of *xCT* mRNA normalized with the mean of *3 HKG* mRNAs in retinal cell fractions isolated from total retina (*n* = 4/group, Kruskal--Wallis, Dunn's post-test \**p* = 0.0128 versus MCs). **e** (left) RT-qPCR of *xCT* mRNA normalized with the mean of 3 HKG mRNAs in retinal explants cultured with or without IL-1β (50 ng/ml) for 18 h (*n* = 6/group, Mann--Whitney test, \**p* = 0.0089). (right) Western blot analysis of XCT in retinal explants cultured with or without IL-1β (50 ng/ml) for 18 h (*n* = 5/group, Mann--Whitney test, \**p* = 0.0159). **f** RT-qPCR of *xCT* mRNA normalized with the mean of 3 HKG mRNAs in (left) Müller cell (*n* = 6/group, Mann--Whitney test, \*\**p* = 0.0303) and (right) PR fractions (*n* = 6/group) isolated from retinal explants cultured 18 h with or without IL-1β (50 ng/ml). **g** RT-qPCR of *Gs* mRNA normalized with the mean of 3 HKG mRNAs in Müller cell fraction isolated from retinal explants cultured with or without IL-1β (50 ng/ml) for 18 h (*n* = 6/group, Mann--Whitney test, \**p* = 0.0152). **h** Intracellular glutamate molar quantity (pmol/cell) measured in the lysate of the Müller cell fraction isolated from retinal explants cultured 18 h with or without IL-1β (50 ng/ml) (*n* = 5/group, Mann--Whitney test, \**p* = 0.0152)

Next, RT-qPCR performed on isolated cell fractions confirmed that xCT mRNA, a subunit of *x*~c~^-^, is highly expressed in Müller cells, and to a lesser extent in PRs, compared with the CD11b^+^ MCs fraction (Fig. [3](#Fig3){ref-type="fig"}d). IL-1β (50 ng/ml) exposure significantly upregulated *xCT* mRNA expression and XCT protein in retinal explants (Fig. [3](#Fig3){ref-type="fig"}e). *xCT* mRNA expression was mainly upregulated in Müller cells, while the expression in isolated PRs remained stable (Fig. [3](#Fig3){ref-type="fig"}f), confirming previous reports \[[@CR34], [@CR35]\].

Similarly, *Gs* mRNA expression was decreased 1.7-fold in Müller cells (Fig. [3](#Fig3){ref-type="fig"}g) after addition of IL-1β, indicating a putative impairment of glutamate conversion into glutamine. Indeed, the intracellular glutamate content of Müller cells sorted from IL-1β-exposed retinal explants contained an average of 770 pmol/cell, while it was barely detectable in Müller cells from control explants (Fig. [3](#Fig3){ref-type="fig"}h).

Taken together, our data show that IL-1β impairs the conversion of glutamate into glutamine in Müller cells, leading to increased intracellular glutamate concentrations. IL-1β-induced increased XCT likely increases glutamate export from Müller cells. This deregulation is likely responsible for the increase of extracellular glutamate induced by the exposure to IL-1β (Fig. [2](#Fig2){ref-type="fig"}a).

Microglial cells do not participate directly to glutamate homeostasis disruption induced by IL-1β {#Sec20}
-------------------------------------------------------------------------------------------------

MPs produce large amounts of IL-1β, disturbing the ability of astrocytes (including Müller cells) to uptake glutamate; but they can also be a source of glutamate \[[@CR36]\]. We thus next quantified the effect of IL-1β on microglial activation and glutamate release. Retinal explants were cultured for 18 h in the presence or not of IL-1β, and the phenotype of microglial cells was analyzed by immunochemistry. After 18 h of treatment with IL-1β, we observed a reduction in resident microglia cell perimeter and an increase in the surface of their soma, indicating microglial activation (Fig. [4](#Fig4){ref-type="fig"}a and b). mRNA expression of *xCT* in microglial cells isolated from retinal explants exposed to IL-1β was not found to be significantly modified compared with the unstimulated control (Fig. [4](#Fig4){ref-type="fig"}c). We next exposed isolated retinal microglial cells to IL-1β and quantified the extracellular glutamate concentration in the supernatant. Consistent with the absence of an *xCT* upregulation, IL-1β did not modify extracellular glutamate concentration (Fig. [4](#Fig4){ref-type="fig"}d) suggesting that microglial cells do not participate directly to the IL-1β-induced extracellular glutamate increase. Fig. 4Microglial cells do not participate directly to glutamate homeostasis disruption induced by IL-1β. **a** Orthogonal projection of confocal Z stack images of the outer nuclear layer of IBA1 (green)- and Hoechst nuclear dye (blue)-stained mouse retinal explants after 18 h of culture with or without IL-1β (50 ng/ml). **b** Number of IBA1-postive cells per mm^2^ in the outer nuclear layer of mouse retinal explants after 18 h of culture with or without IL-1β (50 ng/ml) (*n* = 4 per group). **c** Quantification of the cell perimeter and the soma area of microglia from retinal explants cultured 18 h with or without IL-1β (50 ng/ml) (*t* test, \**p* = 0.0133 and \**p* \< 0.0001 respectively, *n* = 79 and 52 for CTL and Il-1β respectively). **d** RT-qPCR of *xCT* mRNA normalized with the mean of 3 HKG mRNAs in isolated microglial cells cultured with or without IL-1β (50 ng/ml) (*n* = 4/group, Mann--Whitney). **e** Glutamate concentration (μM) measured in the supernatant of isolated microglial cells cultured with or without IL-1β (50 ng/ml) (*n* = 4/group, Mann--Whitney)

IL-1β increases ionotropic glutamate receptor expression in the retina {#Sec21}
----------------------------------------------------------------------

Ionotropic glutamate receptors are localized on retinal neurons, including presynaptic rod and cone PRs \[[@CR21]--[@CR24]\]. Glutamate over-stimulation of these receptors leads to neuronal cell death in a process referred to excitotoxicity. RT-qPCR of mRNAs of glutamate receptor expression in retinal explants exposed or not to IL-1β (50 ng/ml) for 18 h revealed that IL-1β induced a 1.4- and 1.6-fold increase in mRNA levels of the AMPA glutamate receptor subunits *GluA-2* and *GluA-4* respectively (Fig. [5](#Fig5){ref-type="fig"}). These results suggest that IL-1β might increase the neuronal sensitivity to glutamate excitotoxicity, as it induces its ionotropic receptors in the retina. Fig. 5IL-1β increases ionotropic glutamate receptor expression in the retina. **a--c** RT-qPCR of *GluA-2*, *GluA-4*, and *GluK-1* mRNAs normalized with the mean of 3 HKG mRNAs in total mouse retinal explants after 18 h of culture with or without IL-1β (50 ng/ml) (*n* = 6/group, Mann--Whitney test, \**p* = 0.0350, \**p* = 0.0221, and *p* = 0.138 (NS) respectively)

Glutamate excitotoxicity mediates monocyte and IL-1β-induced rod apoptosis {#Sec22}
--------------------------------------------------------------------------

Our study shows that IL-1β does not directly induce PR apoptosis, but increases extracellular glutamate that is sufficient to induce rod apoptosis. We next tested if IL-1β rod-toxicity could be altered using CNQX (100 μM), a specific antagonist of AMPA/Kainate receptors that mediate glutamate exictotoxicity. TUNEL-stained retinal explants confirmed the robust increase of the number of TUNEL^+^ nuclei in the outer nuclear layer (ONL) after 18 h of IL-1β exposure (Fig. [6](#Fig6){ref-type="fig"}a). Quantifications of the number of these TUNEL^+^ nuclei demonstrated that the significant IL-1β-induced rod death in retinal explants could be completely prevented by the addition of CNQX (100 μM, Fig. [6](#Fig6){ref-type="fig"}b). The addition of MK-801, a specific antagonist of NMDA receptors, had no such effect (data not shown). Similarly, CNQX (100 μM) completely blunted the rod apoptosis induced by the co-culture of the retinal explants with hMos (Fig. [6](#Fig6){ref-type="fig"}c and d) that we previously showed to be due to IL-1β secreted by the hMos. In accordance with the lack of glutamate-induced CS degeneration (Fig. [1](#Fig1){ref-type="fig"}e), CNQX had no effect on IL-1β- (Fig. [6](#Fig6){ref-type="fig"}e and f) or hMo-induced (Fig. [6](#Fig6){ref-type="fig"}g and h) CS degeneration. To confirm these results in vivo, we next used the light-challenged *Cx3cr1*^*GFP/GFP*^ mice model. We showed in that model that primary accumulation of MPs leads to secondary IL-1β-dependent rod degeneration \[[@CR12]\]. Mice were exposed for 4 days to constant light during which MPs accumulate in the subretinal space. The fifth day, mice were returned to normal light condition and treated or not with Talampanel a non-competitive inhibitor of AMPA receptors with neuroprotective effect against excitotoxicity \[[@CR27]\]. Photoreceptor survival was evaluated after 10 h of treatment. Talampanel treatment did not modify the number of subretinal accumulated MPs (Fig. [7](#Fig7){ref-type="fig"}a, b) but reduced the number of TUNEL-positive photoreceptors (Fig. [7](#Fig7){ref-type="fig"}c, d). Taken together, our results indicate that IL-1β- and hMo-induced rod degenerations result from non-NMDA ionotropic receptor over-stimulation. Fig. 6Glutamate excitotoxicity mediates monocyte and IL-1β-induced rod apoptosis. **a** Orthogonal projection of confocal Z stack images of the outer nuclear layer (ONL) of TUNEL (red)- and Hoechst nuclear dye (blue)-stained mouse retinal explants after 18 h of culture without IL-1β, with IL-1β (50 ng/ml) or with both IL-1β (50 ng/ml) and CNQX (100 μM). **b** Quantification of ONL TUNEL^+^ nuclei (*n* = 5/group, Kruskal--Wallis, Dunn's post-test \**p* = 0.0029 versus "without IL-1β and CNQX"). **c** Orthogonal projection of confocal Z stack images of the ONL of TUNEL (red)- and Hoechst nuclear dye (blue)-stained mouse retinal explants after 18 h of culture without hMos, with hMos (100.000/explant), or with hMos and CNQX (100 μM). **d** Quantification of ONL TUNEL^+^ nuclei (*n* = 8/group, Kruskal--Wallis, Dunn's post-test \**p* = 0.0294 versus "without hMos and CNQX"). **e** Oblique 3D reconstructions of confocal Z stack images of the PR segments of mouse retinal explants after 18 h of culture without IL-1β, with IL-1β (50 ng/ml), or with IL-1β and CNQX (100 μM) after peanut agglutinin (PNA, green) staining. **f** Quantification of PNA^+^ outer segment volume (μm^3^) (*n* = 4/group, Kruskal--Wallis, Dunn's post-test \**p* = 0.0228, \**p* = 0.0279 respectively versus "without IL-1β and CNQX"). **g** Oblique 3D reconstructions of confocal Z stack images of the PR segments of mouse retinal explants after 18 h of culture without hMo, with hMo (100.000/explant), or with hMo and CNQX (100 μM) after peanut agglutinin (PNA, green) staining. **h** Quantification of PNA+ outer segment volume (μm^3^) (*n* = 3/group, Kruskal--Wallis, Dunn's post-test \**p* = 0.0185 versus "without hMo and CNQX") Fig. 7Talampanel prevents in vivo monocyte-induced photoreceptor apoptosis. Two- to three-month-old *Cx3cr1*^*GFP/GFP*^ mice were exposed for 4 days to constant light. On the fifth day, mice were injected IP every 2 h with Vehicle (CTL) or Talampanel in 0.5% tween-20. After 10 h, mice were sacrificed and Choiroid/RPE and retina were dissected. **a** Representative microphotographs of choroidal flatmounts of CTL- and Talampanel-treated mice immunostained with IBA1. **b** Quantification of the number of subretinal IBA1-positive cells in CTL- and Talampanel-treated mice. **c** Representative microphotographs of retinal flatmount of CTL- and Talampanel-treated mice stained by TUNEL. **d** Quantification of the number of TUNEL-positive cells in CTL- and Talampanel-treated mice. Scale bar 100 μm. (*n* = 8/group, Mann--Whitney test, \**p* = 0.021)

Discussion {#Sec23}
==========

Mo-derived IL-1β induces rod PR cell death by an unknown mechanism during experimental subretinal inflammation and in diseases such as GA \[[@CR12], [@CR13]\]. We here show that PRs express little *Il1r1* compared with Müller cells and that exposure to IL-1β does not induce cell death in culture of isolated PRs but does so in retinal explants (Fig. [1](#Fig1){ref-type="fig"}). This suggests that IL-1β neurotoxic effect is indirect, as previously reported in other biological systems \[[@CR26], [@CR34], [@CR37]\]. We here show that IL-1β induces an increase in extracellular glutamate and that glutamate alone is sufficient to induce rod PR apoptosis (Fig. [2](#Fig2){ref-type="fig"}), similar to IL-1β.

We first hypothesized that the IL-1β-induced increase of extracellular glutamate might result from a deficiency in glutamate reuptake \[[@CR25]\]. However, we showed that the main glutamate transporter Eaat1/Glast transcription was unaffected. Similarly, we show that glutamate transporter *Eaat2* mRNA levels were only slightly reduced in retinal explants cultured with IL-1β and were not regulated in PRs (Fig. [3](#Fig3){ref-type="fig"}). In sharp contrast, we showed that IL-1β strongly induced the expression of xCT, an antiporter that imports cystine in exchange for exporting glutamate \[[@CR33]\], in Müller cells (where it is most expressed)---but not in PRs (Fig. [3](#Fig3){ref-type="fig"}). Interestingly, Müller cells from IL-1β-treated retinal explants also displayed a reduced glutamine synthetase expression (Fig. [3](#Fig3){ref-type="fig"}). GS is an enzyme that catalyzes the transformation of glutamate in non-toxic glutamine, and its downregulation has previously been associated with Müller intracellular glutamate accumulation \[[@CR38]\]. Accordingly, we measured an increased glutamate content in Müller glial cells when retinal explants were cultured with IL-1β for 18 h (Fig. [3](#Fig3){ref-type="fig"}). Taken together, our data show that IL-1β impairs retinal glutamate homeostasis on two levels: (i) IL-1β impairs the conversion of glutamate into glutamine in Müller cells, leading to increased intracellular glutamate concentrations, (ii) IL-1β induces increased xCT expression that likely increases glutamate export from Müller cells. Together this deregulation is likely responsible for the observed increase of extracellular glutamate induced by the exposure to IL-1β.

Glutamate exerts its excitotoxic effect on neurons via the over-stimulation of NMDA and non-NMDA (AMPA and Kainate) inotropic glutamate receptors \[[@CR39], [@CR40]\], which have been shown to be expressed in PR \[[@CR21]--[@CR24]\]. We here demonstrate in retinal explants that IL-1β increases AMPA receptor subunits *GluA-2* and *GluA-4* mRNAs, suggesting that IL-1β exposure could further sensitize retinal neurons to glutamate-induced excitotoxicity. Last but not least, using the AMPA/Kainate-receptor inhibitor CNQX, we demonstrate that the inhibition of non-NMDA receptors completely and efficiently prevented rod apoptosis in retinal explants cultured in the presence of IL-1β or Mo (Fig. [6](#Fig6){ref-type="fig"}). MK-801 inhibitor was unable to prevent rod PR apoptosis, indicating that rod PR degeneration is non-dependent on NMDA receptors. More importantly, we show that Talampanel a non-competitive inhibitor of AMPA receptor inhibited photoreceptor cell death in the light-challenged mice model of geographic atrophy (Fig. [7](#Fig7){ref-type="fig"}).

Interestingly, glutamate alone did not reproduce IL-1β-mediated cone segment shortening and CNQX did not prevent cone segment reduction induced by IL-1β or Mo. These results demonstrate that the mechanisms involved in cone segment shortening and rod PR degeneration are distinct. Indeed, cone segment maintenance depends on glucose uptake by cones \[[@CR41]\]. The stimulation of glucose uptake in cones by rod-derived cone viability factor \[[@CR41]\] or insulin \[[@CR42]\] has been shown to rescue cones in a model of retinal degeneration.

We previously demonstrated the association of subretinal MP accumulation with rod degeneration in human samples of geographic atrophy \[[@CR13]\]. Interestingly, the subretinal MP accumulated in a transitional zone, adjacent to the atrophy where a severe loss in rod numbers can be observed in the absence of RPE cell loss. We demonstrated that MP-derived IL-1β induces a similar rod degeneration in vitro and in vivo, which strongly suggests that subretinal MPs and MP-derived IL-1β participate in the degenerative changes in GA. However, the mechanism by which IL-1β induces rod death, in particular as these cells do not express the IL1R, remained unclear.

Conclusion {#Sec24}
==========

Our manuscript demonstrates that IL-1β-dependent rod apoptosis is due to the deregulation of glutamate homeostasis and glutamate excitotoxicity. Our study emphasizes the importance of inflammation in the deregulation of glutamate homeostasis and provides a comprehensive mechanism of action for IL-1β-induced rod degeneration.
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